A round robin test has been performed on sol-gel processing for the deposition of silica and silica-titania films on silicon substrates by spin-coating. Three solution preparation processes for silica coatings and three for silica-titania coatings were used to prepare samples at each of the participating laboratories. The films have been characterized mainly by thickness (profilometry and ellipsometry measurements), refractive index, porosity, and optical scattering. Different processes gave different thicknesses. Thickness differences were found in films prepared by the same process and by the same deposition parameters, but in different laboratories, when heat-treated at 500 ± C. Variations were reduced in samples annealed at 1000 ± C. Refractive index and porosity measurements suggest that variations were due to structural differences, particularly porosity. Furthermore, films heat-treated at 500 ± C were not completely stabilized, and showed index and porosity variations after six months.
I. INTRODUCTION
Thin oxide films can be easily deposited by the solgel method using techniques such as dip, spin, meniscus, and spray coating; of these, the first three are suitable for obtaining thin layers of optical quality. 1 Coating of large glass sheets by the dip-coating process has been commercialized for many years, and many other products are nowadays produced, ranging from a few millimeters to many meters in size, demonstrating the industrial feasibility of sol-gel processing. 2, 3 However, it is the general opinion of researchers involved in the field that the potential of the sol-gel method still requires technological development. 2, 3 One important reason for this is the perception that the method is not sufficiently reliable and reproducible. Indeed, there are many parameters affecting the thickness, structure, and properties of sol-gel coatings; the question to be addressed here is whether all the significant parameters are known and can be controlled.
Thickness control is very important for optical coatings. A large body of literature exists on the effect of various chemical and processing parameters, 4 but very often the results are not comparable because the experimental conditions are not completely specified. The same is true for microstructural control. There are many theoretical studies, 4 but few experiments which relate theories to practical results. Therefore it seems that very often microstructural features (the porosity being the most important) cannot be effectively and completely controlled by the chemistry of the process. This is not necessarily a critical drawback. In many important technologies the control derives from empirical knowledge and experience before complete understanding of the process is achieved. However, it is important that process conditions and results are completely reproducible. From this point of view, round robin exercises, where fabrication and characterization are carried out at several sites, are an important means for testing process procedures and characterization techniques. To the best of the authors' knowledge, no round robin test (i.e., a comparison of the same samples prepared in different laboratories) has been performed on sol-gel processing. For this reason, having an opportunity in the course of a European collaborative project, we have decided to carry out such a test and to publish the results. It is based on the characterization of silica and silica-titania films deposited on silicon substrates by spin-coating, from three different specific processes. Silica and silica-titania optical coating made by the sol-gel technique are attractive for their potential use in integrated optics [5] [6] [7] [8] [9] [10] [11] and are compatible with the silica-on-silicon technology.
The control of homogeneity in binary or multicomponent systems is an important item of sol-gel science and technology. In the specific case of TiO 2 -SiO 2 gels, the very different hydrolysis rates of the alkoxide precursors of the two oxides must be taken into account because they lead, if not appropriately controlled, to inhomogeneity of the resulting gel. In order to limit phase separation, different routes have been proposed in the literature, such as sequential hydrolysis, 12, 13 selection of precursors with similar reactivities, 14 use of hybrid alkoxides containing different elements, and control of reactivity by chemical methods by using, for example, chelating agents. 15 The problem of homogeneity of gels is delicate and the achievement of an apparently homogeneous solution without precipitation of a second phase is not necessarily a proof that heterocondensation was preferred to homocondensation. In the specific case of the TiO 2 -SiO 2 system, the sequential method gives clear solutions. However Ti(OR) 4 is known to catalyze the condensation of silanol groups, and it was demonstrated that its addition to a solution of prehydrolyzed Si(OR) 4 gives only very few Si -O-Ti bonds. 16 The control of reaction rates by chelating agents, such as acetylacetone, is a common method to avoid the precipitation of titanium species, but again, it does not mean that very small homocondensates are present in the sol.
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II. EXPERIMENTAL
Three solution preparation processes for silica coatings and three for silica-titania coatings were used to prepare six samples at each of the participating laboratories (CEO: Centro di Eccellenza Optronica-samples 
A. Preparation of solutions
Three solutions for depositing silica coatings and three for depositing 10 mol % TiO 2 -90 mol % SiO 2 coatings were prepared by the following processes:
IC 100S: 5 ml of TEOS (Tetraethoxysilane, 99%) were mixed with 5 ml of ethanol (99.7% to 100%). Then, 0.404 ml of HCl 0.1N were added drop by drop and the solution was refluxed for 2 h at 70 ± C. 0.81 ml of an ethanol solution of HCl 0.1N (50 vol %) were further added drop by drop and stirred. After 24 h aging, the solution was diluted with 11.21 ml of ethanol and used for spinning.
CEO 100S: 9.3 ml of TEOS (99%) were mixed with 2.4 ml of ethanol (99.7% to 100%). A solution of 0.42 ml of HCl 1N and 1.08 ml of de-ionized water were then added drop by drop and the solution was stirred for 30 min. 36.8 ml of ethanol were further added and the solution was allowed to stir at room temperature for 6 h. The solution was used for coating immediately after its preparation.
INESC 100S: 5 ml of TEOS (99%) were mixed with 10.4 ml of ethanol (99.8%) and stirred for 10 min at room temperature. Then 1.3 ml of filtered de-ionized water and 0.23 ml of HCl 1N were added and stirring was continued for 2 h. This solution was used after an aging period of 1 week at room temperature.
IC 90S10T: 5 ml of TEOS (99%) were mixed with 5 ml of ethanol (99.7% to 100%). Then, 0.40 ml of HCl 0.1N were added drop by drop and the solution was refluxed for 2 h at 70 ± C. A second solution was prepared by mixing, under nitrogen, 5 ml of TPOT (titanium n-propoxide, 98%) with 5 ml of ethanol. 1.37 ml of this solution were added, drop by drop, to the first solution. 0.99 ml of an ethanol solution of HCl 0.1N (50 vol %) were further added drop by drop and stirred. After 16 h aging, the solution was diluted with 12.8 ml of ethanol and used for spinning.
CEO 90S10T: 8.1 ml of TEOS (99%) were mixed with 2 ml of ethanol (99.7% to 100%). A solution of 0.36 ml of HCl 1N and 0.94 ml of de-ionized water were then added drop by drop and the solution was stirred for 30 min. To this solution were further added, in the following order: 37 ml of ethanol, 0.2 ml of acacH (acetylacetone, 99%), and 1.4 ml of TBOT (titaniun n-butoxide, 98%). Stirring was allowed for 6 h at room temperature, after which the solution was used for spincoating.
INESC 90S10T: 5 ml of TEOS (99%) were mixed with 2.6 ml of ethanol (99.8%) and stirred for 10 min at room temperature. Then 0.5 ml of filtered de-ionized water and 0.23 ml of HCl 1N were added under vigorous stirring and allowed to react for 2 h at room temperature. A mixture of TPOT (0.74 ml, 100%) and ethanol (9.3 ml) were added drop by drop to the previous solution. Finally, 0.94 ml of water were added drop by drop and stirring was continued for further 10 min. The solution was used after 2 h aging.
The main features of the solutions are summarized in Tables Ia and Ib. All the solutions were prepared under acidic conditions. The choice between acidic or basic conditions has an important effect on the microstructure of coatings. In particular, acidic conditions should allow for the preparation of denser and harder layers characterized by microporosity. Silica solutions IC 100S and CEO 100S are very similar. INESC 100S is slightly different because it has a higher water to TEOS ratio, which should increase the hydrolysis rate, and it is also more concentrated, which should give rise to thicker layers.
In the IC and INESC 90S10T processes the prehydrolysis approach was used, while in the CEO process the control of homogeneity was obtained also using acetylacetone as chelating agent. The concentration and water content of silica-titania solutions are the same as in silica solutions.
B. Coating deposition
Coatings were deposited by spinning. Spin coating is a rapid method for depositing thin layers on relatively small substrates. Circular objects are more homogeneously coated, but other shapes are not precluded. An advantage of this method is the low amount of solution required and the possibility to filter the solution immediately before the deposition process. This is particularly important with unstable solutions, where the source of impurities is the degradation of the solution itself. The spin coating can be divided into three steps: (a) the substrate is covered with an excess of solution; ( b) the stage with the substrate attached (usually by vacuum) is accelerated to a prefixed speed and the liquid is evenly distributed on the substrate by the centrifugal force, the liquid in excess being thrown off; (c) the solvent evaporates and the viscosity of the sol increases until gelation.
As the coating thickness is approximately proportional to the inverse square root of the rotation speed, this is the most important parameter which affects the thickness, together with the initial concentration of the solution. Also, the evaporation rate affects the layer thickness, but its control is very difficult in practice. Thus, in the round robin test only the speed and the deposition time were fixed, to 2500 rpm and 30 s, respectively. Silicon wafers polished on both sides were used as substrates. Sols were dispensed using syringes with 0.1 mm filters.
C. Thermal treatment
The samples were baked, immediately after spinning, at 500 ± C for 1 h. Then they were removed from the hot oven and cooled in air. After this treatment the films were still porous, as discussed below. In order to obtain complete densification a further treatment was performed on all films by baking in air at 1000 ± C for 5 min.
D. Thickness measurements by profilometry
The stylus profilometer, although not inexpensive, is available in most laboratories where coatings are tested. The measurement requires a sharp step from the uncoated substrate to the layer surface; this is simply made, in evaporation coating techniques, by masking a small area of the substrate. However, with sol-gel the entire surface must be coated, and so part of the film must be removed to produce a step. We have investigated the use of a line of adhesive tape on the substrate, which can be removed after spinning but before baking, leaving an uncoated area. This is unsatisfactory, as the tape thickness is significant compared to that of the as-spun film, and consequently its presence alters the film thickness, particularly near the tape edges. Scratching of the film can also be used, but this does not necessarily produce a clean edge, and may undercut or overcut the bottom of the coating. For good results, it was found to be necessary to etch the films in hydrofluoric acid, with the step defined by a suitable protective masking layer.
E. Thickness and refractive index measurements by ellipsometry
Ellipsometry is frequently used for the measurement of transparent thin films. Usually both the thickness and refractive index can be obtained, but for some combinations of these it is not possible to measure both, which leads to some gaps in the results. Ellipsometric measurements were carried out on all the samples within one month of their preparation; they were then repeated after 6 months. Measurements were made in dry N 2 , water-saturated N 2 , and in open room atmosphere (ambient humidity).
The ellipsometry measurements were all carried out at 633 nm wavelength, at an incident angle of 70 ± . At IC a Rudolf AutoEl III ellipsometer was used with a sample chamber which could be purged with dry or saturated nitrogen. Measurements were recorded after stabilization. At INESC, measurements were taken after a 10 min purge of the sample chamber with N 2 using a Rudolph Instruments series 444 A spectroellipsometer.
F. Porosity measurements
The volume fraction porosity was calculated by assuming that the pores are empty when ellipsometric measurements are taken under dry N 2 , and that the pores are full of water when measurements are taken under water-saturated N 2 . The Lorenz-Lorentz polarizability is assumed to scale linearly with the different volume fractions, so the volume 
G. FTIR
Infrared spectra were recorded for each film with a Nicolet 800 FTIR spectrometer as an average of 100 scans at 4 cm 21 resolution. The Si substrates used have roughly 40% transmittance over the spectral range of 400 -4000 cm 21
H. Optical scattering
As an indication of the optical quality of the produced layers, measurements were made of the intensity of diffusely scattered light. A collimated laser beam of 633 nm wavelength was reflected from each sample at a fixed angle of 70 ± from normal incidence, and the scattered light collected using a 103 microscope objective focused on the point of reflection. This was done at several spots on each film and the results averaged.
III. RESULTS AND DISCUSSION
A. Thickness
The results on thickness measurements are reported in Table II for films heat-treated for 1 h at 500 ± C and in Table III for films annealed at 1000 ± C for 5 min. Measurements by the profilometry technique are much less reliable than those obtained by ellipsometry. Looking at the measurements made by different labs on the same samples (results on rows), the average difference between two ellipsometric measurements made on the same film is 2 nm, while an average difference of 20 nm is found for profilometry results. In this last case the discrepancy is widely different from sample to sample. Much of the discrepancy likely arises from the decision on where, in the step, to make the measurement; this will influence the result through the variable influence on the film edge of the step fabrication process. Lack of flatness in the substrate, partially caused by the stress of the film itself, also makes interpretation of the profilometry measurements difficult. A well-defined procedure for profilometry is necessary for measuring the step.
As the different processes are concerned, it appears, in general, that the fabrication of films by different labs following the same processes (results on columns) is less reproducible in the case of pure silica than in the case of silica-titania.
Of the six processes, the two proposed by INESC produced some films which were in general thicker than the other films, and difficult or impossible to measure by ellipsometry. This is probably related to the higher water amount and concentration which causes faster polymerization and rapid increase of viscosity in the corresponding solutions.
The IC 90S10T process was the more reproducible, with an average variation of 8 nm. The variation for other processes was of 40-50 nm. This is quite a high value for optical coatings. Among the reasons responsible for this variability the most important are temperature and humidity during deposition, because they affect the gelation process. 4 A careful control of these two parameters should greatly improve repeatability. However, varying characteristics of the precursor alkoxides, such as their degree of pre-polymerization, could also affect film thickness.
The shrinkage of silica films produced at CEO during the second, high temperature annealing process, was approximately half that of the same films produced at IC and INESC. Looking also at the refractive indices reported and discussed later, this reflects a higher densification of the samples heat-treated at 500 ± C at CEO. The reason for such a large microstructural difference is not clear, also because it seems to be independent on the process used. This is a point which should be better studied, because it indicates that one or more apparently important parameters (for example humidity) were not under control. Excluding CEO results the average shrinkage of silica films is 24%, while that of silica-titania films is 18%.
During annealing at 1000 ± C, a native silica oxide grows on the silicon substrate, due to the reaction with oxygen. This was measured for each film by ellipsometry on a previously bare portion of the substrate surface.
B. Refractive index and porosity
The data obtained from ellipsometric measurements before and after annealing at 1000 ± C of samples previously heat-treated at 500 ± C are reported in Table IV . After annealing at 1000 ± C no measurable porosity was detected on the films. If the layers were completely dense, then the refractive indices should be identical to those of silica glass and silica-titania glass containing 10 mol % of titania. This was true only for silica layers, which have values close to 1.46. Silica-titania films have indices slightly lower than expected; a strong possibility is that the stoichiometry changes during processing by preferential loss of titanium precursor, perhaps through evaporation.
Ellipsometer measurements were taken on some samples six months after the first measurements and some change was observed in the index values taken in a nitrogen atmosphere. It was thought that this could be due to water sticking to the surface of the pores, so all the samples were baked at 120 ± C for 1 h and remeasured. The results are reported in Table V . It can be seen that the index under nitrogen increased typically by 0.01 and the porosity decreased. This would indicate that baking at 500 ± C is not sufficient to stabilize completely the film microstructure, and that even at room temperature there is a gradual densification of such films. This has important implications for the stability of devices and materials manufactured from incompletely densified sol-gel glass. It could be interesting to investigate this aspect further by keeping some samples in dry atmosphere and some at high humidity, in order to check the effect of humidity on the densification of the films.
C. FTIR
All the samples were characterized by FTIR spectroscopy. No significant differences were detected and the spectra of samples produced from different processes and in different labs were very similar, both in the case of silica and silica-titania.
D. Optical scattering
The results of the optical scattering measurements are shown in Table VI . Here the average is over three readings on each film. There is clearly a strong correlation with recipe, particularly for the pure silica films, where recipe has a much stronger influence than place of fabrication. The natural inference is that the homogeneity of films is substantially influenced by those factors controlled in the processes. However, it is equally clear that films fabricated at CEO show consistently higher scattering figures than the others. This indicates that another, uncontrolled factor is important in determining optical quality. This may be cleanliness of the fabrication area, but the difference may also be associated with those factors influencing densification and index as discussed above, particularly working temperature and humidity.
IV. CONCLUSIONS
(i) Films prepared by the same process and by the same deposition parameters, but in different laboratories, may have thickness differences of up to 50 nm (measured by ellipsometry). This means that other parameters should also be controlled in order to have higher reproducibility. Reagent properties (such as purity and aging), temperature, and humidity during coating are of importance. Variations are reduced (up to 50%) in samples annealed at 1000 ± C, suggesting that thickness differences are more related to structural differences, particularly porosity. This is confirmed by refractive index and porosity measurements.
(ii) Films heat-treated at 500 ± C showed refractive index and porosity variations after six months. This shows that incompletely densified acid-catalyzed films, whose porosity is on the nanometer scale, will gradually densify even at room temperature over long periods.
(iii) Reliable and reproducible thickness measurements can be made by stylus profilometry only if well-defined steps are produced on the films. Ellipsometric measurements are more reliable.
